The interaction cutoff contribution to the ruggedness of protein-protein energy landscape (the artificial ruggedness) is studied in terms of relative energy fluctuations for 1/r n potentials based on a simplistic model of a protein complex. Contradicting the principle of minimal frustration, the artificial ruggedness exists for short cutoffs and gradually disappears with the cutoff increase. The critical values of the cutoff were calculated for each of eleven popular power-type potentials with n=0÷9, 12 and for two thresholds of 5% and 10%. The artificial ruggedness decreases to tolerable thresholds for cutoffs longer than the critical ones. The results showed that for both thresholds the critical cutoff is a non-monotonic function of the potential power n. The functions reach the maximum at n=3÷4 and then decrease with the increase of the potential power. The difference between two cutoffs for 5% and 10% artificial ruggedness becomes negligible for potentials decreasing faster than1/ . The results suggest that cutoffs longer than critical ones can be recommended for protein-protein potentials.
INTRODUCTION
Protein binding can be explained in terms of the funnel-based concept initially developed to describe protein folding [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The concept suggests that unbound proteins are guided by the slope of the rugged energy landscape funnel into the bound state. The nature of the ruggedness and related effects is a subject of active research [11] [12] [13] [14] . Highly frustrated interactions are observed on the protein surface near the binding site 14 .
Mechanical unfolding experiments to measure the scale of the landscape ruggedness of proteins and RNAs have been suggested 15 and performed 16 .
The amplitude of the of protein-protein energy landscape ruggedness has a component associated with the range of the energy potentials 12 . The range of non-bonded inter-atomic interactions and related truncation methods are known to play an important role in protein folding [17] [18] [19] [20] [21] [22] , protein-protein docking 4, 12 , and all atom molecular dynamics and Monte-Carlo simulations of macromolecules and liquids [23] [24] [25] [26] [27] [28] [29] . The cutoff is one of only two parameters used in coarse-grained normal mode analysis and elastic networks of proteins and their assemblies 30, 31 . The choice of the cutoff affects the functional form and performance of knowledge-based potentials in small molecule docking 32 . The importance of long range interactions for protein stability 33 , protein folding 34 and RNA binding 35 has been revealed experimentally.
The interactions are usually truncated at specific cutoff distances to reduce a number of interacting pairs of atoms or atomic groups in order to make feasible large scale macromolecular calculations. Despite the considerable progress achieved in methodology and computer power, the cutoff-related artifacts are still a bottleneck in macromolecular modeling. In comparison with other modeling approaches, the protein docking community has been less focused on the problem. Our attention to the cutoff problem is The fine structure of the funnel or conformational substates 51 can be blurred due to the artificial ruggedness. The amplitude of the artificial ruggedness decreases with the increase of the cutoff 12 . Thus it is important to know the cutoffs for different potentials that form a minimally frustrated funnel-like landscape, while allowing extensive calculations. The low boundary of the optimal range, called further the critical cutoff, corresponds to a tolerable frustration of the energy landscape.
In this paper, we focus on determination of critical cutoffs for eleven power-type potentials at two thresholds of 5% and 10% of the artificial ruggedness. For cutoffs longer than the critical ones, the artificial ruggedness drops below these thresholds. We analyze dependence of the critical cutoffs on the potential power n and discuss practical implications of the results for protein docking and protein folding. 
THEORY
where a δ is the relative shift of proteins, is the new interface. The artificial ruggedness of the landscape manifests itself as the deviation of the relative energy
Intermolecular energy can be written as a sum of pair-wise inter-atomic interactions described by model potentials and direct electrostatic potentials 53 . with n = 0 ÷ 9, 12 under the condition that the artificial ruggedness drops below the threshold of 10% or 5% for cutoffs longer than the critical ones. Table I The difference between two cutoffs, which correspond to artificial ruggedness of 10% and 5%, decreases for n>6, and becomes negligible for potentials decreasing faster than1/ .
RESULTS AND DISCUSSIONS
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Since protein folding and protein binding are similar processes in terms of the landscape characteristics, including the funnel concept, we may expect that our results have implications to protein folding. Highly systematic attempts have been undertaken to design pair potentials for protein folding. [54] [55] [56] [57] Using machine learning algorithms, the authors of these studies clearly showed that a set of contact potentials with cutoffs of 8.5
Å or 9Å, which guarantees the native structure energies lower than those of the decoys, does not exist. Then, using different resolutions of the potential functions, the same learning algorithm, and the 9Å cutoff, the flexible functional forms of potentials were 6 optimized. Based on the performance of the potentials, it was noted that it is impossible to find a pair potential with that flexible form that recognizes all native folds (Ref. 55, 56) .
The choice of the cutoff may partly explain these results and thus encourage new attempts to parameterize potentials for longer ranges. Indeed, the range of 9Å is less than the critical cutoffs of power potentials for n≤6 and the artificial ruggedness threshold of 5%, or for n≤8 and the artificial ruggedness threshold of 10% (see Table I ). For example, the artificial ruggedness of the energy landscape described by contact or Coulomb potentials cutoff at 8-9 Å is ~17-19%. Since substantially frustrated landscapes are not adequate approximations of actual energy profiles due to the principle of minimal frustration, 1-3,7,58 the above studies 58 had limited chances to detect the actual parameters of the interactions. Our results suggest that using longer cutoffs with such algorithms may improve the potentials.
CONCLUSIONS
Studies of ruggedness of protein-protein energy landscape are important for understanding the connection between protein structure, function, and dynamics. We have analyzed energy fluctuations and the artificial contribution to the ruggedness of the protein-protein energy landscape by limited range interactions described by 1/r n potentials. The results show that the undesirable artificial ruggedness exists for short cutoffs and gradually disappears with the cutoff increase. We calculated the critical values of the cutoff for each of eleven popular power-type potentials with n=0÷9, 12 and for two thresholds of 5% and 10%. We demonstrated that for both thresholds, the critical cutoff is a non-monotonic function of the potential power n. These functions reach the maximum at n=3÷4 and then decrease with the increase of the potential power. The 7 difference between the cutoffs for 5% and 10% artificial ruggedness becomes negligible for potentials decreasing faster than1/ . The results suggest that the cutoffs longer than the critical ones can be recommended for protein-protein potentials.
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The critical cutoff as a function of the potential power.
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